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Abstract
The development of nano-structured mixed-phase titania thin films and the relationship
to photocatalytic activity (PCA) is of interest for pollution reduction and antimicrobial
applications. A set of films grown by pulsed pressure metallorganic chemical vapour de-
position using titanium tetraisopropoxide precursor was studied. The growth method is
single-stage, scalable and produces high-quality, adherent films. Film thicknesses were
101 nm to 4.0 µm. Three growth stages were identified. All films were a mixture of anatase
and rutile. Early stage films had rounded morphologies, low surface roughness and low
PCA. Transition stage films developed columnar [110] orientated anatase dendrites, con-
tained amorphous carbon and had reduced UV transmittance. Late stage films had strong
anatase (220) and rutile (200) textures, contained amorphous carbon and exhibited highly
branched anatase dendrites with nanoscale secondary plates. PCA was determined from
degradation of stearic acid and correlated with increasing surface roughness. The most
active film had formal quantum efficiency of (6.62± 0.64)× 10−4 molecules/photon, 59
times higher than a commercially available control. The performance is attributed to
the combination of phases yielding polymorphic phase boundaries and amorphous car-
bon enhancing the adsorption of organic molecules, the unusual (220) anatase texture
yielding nanostructured anatase dendrites in combination with nanocrystalline rutile and
hierarchical porosity.
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1. Introduction
Titanium dioxide thin films, both in pristine and variously doped forms, play sig-
nificant roles in many areas of chemistry, physics, biology and material science, where
they find applications in catalysis, photonics, optics, electronics, window coatings, an-
timicrobial coatings for touch surfaces and energy storage/conversion devices[1–5]. Thin
films exhibit different physiochemical properties depending on the method of deposition,
particle size, film density, level of crystallinity and nanostructural geometry. Crystallite
size and shape, as well as the film’s surface area, play crucial roles in the catalytic and
electrochemical behaviour[6].
As reported extensively in the literature, nanostructured thin films with secondary and
tertiary structures oriented in radial or axial directions from a primary backbone exhibit
superior electrochemical performances compared to monolithic materials[7]. Additionally,
it is well known that mixed phase, titania photocatalysts containing anatase and rutile
perform better than single phase materials due to favourable band alignment[8, 9]. These
heterostructures have been tailored by fine-tuning the size, shape and composition to
enhance material properties. Metal-organic chemical vapour deposition (MOCVD) is
often used in synthesis of nanostructured thin films, as it allows control of phase fractions
and microstructures simply by regulation of the temperature of the deposition process
and precursor arrival rate, as well as length of the deposition[2, 10, 11]
In this paper we use the pulsed-pressure MOCVD (pp-MOCVD) method to produce
titania thin films from a single liquid-source precursor solution of titanium tetraisopropox-
ide (TTIP) in toluene. The pp-MOCVD method is scalable, produces conformal films on a
variety of substrates and allows control of the microstructure of films by changing deposi-
tion conditions[12]. Previous work on microstructural development of pp-MOCVD titania
films has focused on the effect of processing parameters including substrate temperature
and dose per pulse on mature films[13, 14]. Functional performance of pp-MOCVD films
has been evaluated in two studies: water splitting efficiency was studied for a series of
titania films grown at a single temperature on FTO (fluorine doped tin oxide) -coated
glass[2], and antimicrobial activity was evaluated for a titania film on stainless steel[15].
We identify (220) textured anatase dendrites in thicker films in this work. There are
a few reports of (220) textured anatase in the literature grown by other CVD (chemical
vapour deposition) methods using TTIP precursor, but photocatalytic activity (PCA)
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has not been evaluated for those materials. Takahashi et al. reported the growth of
(220) textured anatase on glass substrates by conventional CVD using TTIP and oxygen
with nitrogen carrier gas at 500 ◦C[10]. Higher flow rates and longer times favoured the
formation of rutile, which dominated the upper surface in films greater than 10 µm thick.
Due to the strong anatase texture, they noted that phase fractions from x-ray diffraction
(XRD) were not reliable. No nanostructure or mention of carbon was reported. Growth
rates in steady state of 250 nm min−1 were indicated.
Seifering et al. reported (220) textured anatase grown on copper from TTIP with
no carrier gas[16]. They stated that XRD showed that the films were amorphous or
microcrystalline, then (220) textured anatase and then rutile as thickness increased. But
no XRD patterns or images of the films were provided for comparison. No nanostructure
or mention of carbon was reported. The growth rate at 300 ◦C was 167 nm min−1.
Chen et al. reported (220) textured anatase nanocrystalline films of 5 µm thickness
obtained on fused silica in low pressure chemical vapour deposition (LPCVD) at 550 ◦C
and 150 Pa total pressure using TTIP with oxygen carrier gas[17]. Adventitious carbon
was found in x-ray photospectroscopy (XPS). The C1s peak persisted after ion milling,
but no explanation was given. No growth rate or growth time was reported. The authors
also showed that rutile could be produced at higher pressures, 150 Pa–500 Pa, under the
same conditions on a sapphire substrate[18].
The development of microstructure and properties of pp-MOCVD films with increas-
ing deposition time has not previously been studied. Because deposition in done in
pulses, this provides the interesting ability to explore the stages of film evolution, which
is exploited here. In this study, we explore the development of nano- and microstructure
in a series of samples with different deposition times, and determine the impact of film
structure on the development of photocatalytic performance by degradation of stearic
acid.
2. Experimental Details
2.1. Synthesis of TiO2 thin films
A set of TiO2 films was grown on fused silica substrates (25 mm× 25 mm× 1 mm)
using pp-MOCVD in a cold wall reactor, previously described by Lee et al.[19]. Heating
was by induction coil with deposition temperature measured by a k-type thermocouple
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inserted into the susceptor. The substrate temperature was maintained at 525 ◦C± 5 ◦C.
A metered volume of 500 µL of precursor liquid solution (5 mol% TTIP in toluene) was
directly injected through an ultrasonic atomising nozzle into the continuously evacuated
reactor volume at timed intervals, resulting in a sharp pressure pulse followed by pump-
down. The injection pulses were spaced 6 s apart. The chamber base pressure was held
at 120 Pa, with the mean peak pressure in the region of 500 Pa. In the current reactor
geometry, the susceptor was placed directly above an induction coil, and the injector was
located at the top of the reactor. The samples were prepared with different numbers of
pulses from 10 to 300 in order to investigate evolution of structure and properties.
2.2. Materials characterisation
XRD was used for phase identification and texture analysis. This was carried out on
an Agilent SuperNova, Dual, Cu at zero, Atlas diffractometer using Cu Kα (λ = 1.5418 Å)
radiation. Samples were fixed with the surface at an angle ω ∼ 15◦ to expose a large region
of the surface to the 0.3 mm diameter beam. Post collection, the frame was integrated
over a 5◦ strip corresponding to a pseudo θ − 2θ diffractometer. To correct for slight
differences in the mounting alignment, the angle in γ that this 5◦ strip was integrated
over was calculated as the average of two off-axis, symmetry-related peaks at 2θ = 25◦. 2θ
angles were corrected to P25, and the baselines were manually removed for later texture
analysis.
Film thickness and surface morphology were observed by scanning electron microscopy
(SEM) using a JEOL 7000F Field Emission SEM at accelerating voltage of 15 keV on
Cr-coated samples. Film morphology was further studied using a Philips CM 200 trans-
mission electron microscope (TEM) and a JEM-2200FS scanning transmission electron
microscope. Specimens were prepared by removing a portion of film from the substrate
using a diamond blade, applying it onto a Cu grid and coating with carbon. Results were
processed using CrystBox software[20].
Surface topography was characterised using a Digital Instruments Dimension 3100
atomic force microscope (AFM) operating in tapping mode with a scan frequency of 2 Hz
over a 500 nm× 500 nm area. Results were processed using Gwyddion software[21].
Transmittance spectra were taken against an air background using a Cintra 404 UV-
Vis spectrometer over a wavelength range of 200 nm–2500 nm. The double monochroma-
tor spectrometer was used with a slit width of 2.0 nm.
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A Jobin-Yvon LabRam single stage Raman spectrometer with 514.5 nm Ar-ion laser
(420 µW power, 10 µm beam diameter) was used to characterise the films.
2.3. Photocatalytic testing
The photocatalytic performance of the films synthesised in this work was evaluated by
observing photodegradation of octadecanoic (stearic) acid (95%, Sigma-Aldrich). Films
were dip-coated with a thin layer of stearic acid using a 0.05 M solution in chloroform.
The PCA of samples was measured under UVA (Vilber-Lourmat, 2 × 8 W, 365/254 nm,
0.4 mW cm−2 ) illumination. A Bruker Vertex 70 Fourier transform infrared spectrometer
was used to monitor the degradation of the overlain stearic acid.
The integrated areas between the characteristic C–H infrared bands at 2958 cm−1,
2923 cm−1 and 2853 cm−1 were calculated. The photoactivity rates were estimated from
linear regression of the initial 30 %–40 % of the degradation, where the reaction has been
shown to possess zero-order reaction kinetics above a critical stearic acid concentration.
Using a conversion factor, the number of molecules of stearic acid degraded was estimated
considering that 1 cm−1 of integrated area corresponds to 9.7× 1015 molecules of stearic
acid[22]. Formal quantum efficiencies (FQE), defined as molecules of acid degraded per
incident photon (molecules/photon), were calculated assuming all incident photons had
the same energy of 3.4 eV and were absorbed by the films. Three tests were performed
per sample and the mean PCA reported.
3. Results
3.1. Morphology
Continuous films were observed on all substrates, Fig. 1. Three stages of growth were
identified. The morphology of the films began with rough-looking, rounded structures
with linear cross-sectional dimensions less than 100 nm in the early stages (10 pulses–
40 pulses). In the transition stage, separated, columnar structures with linear dimen-
sions greater than 100 nm were observed (70 pulses–80 pulses). Eventually, segmented,
prismatic-topped, large columns with linear dimensions of ∼ 400 nm in the thickest sam-
ple studied here (300 pulse) formed in late stage growth (90 pulses–300 pulses).
Cross-sections and AFM topographic maps of early stage and late stage films illustrate
the stages of film development, Fig. 2. In early stage growth, the films were composed of
5
rough, near-spherical clusters of material with maximum height differences on the order
of 20 nm, Fig. 2(a) and (c). In late stage growth, the films were clearly columnar with
secondary branching and tertiary arms visible in Fig. 2(b). The secondary plates on the
prismatic tops of the large columns in the 300 pulse sample were evident in AFM scan,
which also showed the maximum height difference was on the order of 300 nm, Fig. 2(d).
The secondary plates were visible in the transition stages as illustrated for 80 pulse sample
in Fig. 2(e).
The thickness of each film was determined from the cross-sectional SEM images by
averaging five measurements, Table 1. The thickness increased linearly with number of
pulses with a rate of 4 nm/pulse (37 nm min−1) during early stage growth (≤ 40 pulses
where R2 > 0.99), and became non-linear during the transition stage, and accelerated
for the thicker films in late stage growth, Fig. 3(a). Average growth rates (total film
thickness divided by the total deposition time) as a function of deposition temperature
are commonly reported in the literature to distinguish the CVD growth regimes of mass
transport control from kinetic control. The average growth rate for the thickest sample
here was 130 nm min−1 (13 nm/pulse), twice the initial linear rate.
The surface area ratio (total surface area divided by projected surface area from AFM)
and the RMS roughness were determined from AFM data, Table 1. In early stage growth,
the RMS (route mean square) roughness was less than 5 nm. Roughness approximately
doubled in transition stage compared to early stage films. Finally, RMS roughness in late
stage films was up to 61 nm. The area ratio did not show such a dramatic change, but did
increase with film growth. The area ratio plateaued in late stage growth while the RMS
roughness continued to increase for the three thickest samples: from 120 pulses (0.7 µm
thick) to 300 pulses (4.0 µm thick), the RMS roughness tripled from 18 nm–62 nm while
the area ratio was unchanged, at 1.7, Fig. 3(b). As shown in previous studies, surface
area and RMS roughness of CVD grown films increase with film thickness, while those
properties are independent of film thickness in sol-gel grown films[23].
3.2. Phase identification
XRD revealed that all the films were mixed-phase titania with anatase and rutile
detected in every sample, Fig. 4. No other crystalline phases were identified. Both phases
were textured and as a result the phase fractions and average diffracting crystallite size
could not be determined from these measurements.
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where I(hkl)i is the observed intensity of the (hkl)i reflection and I0(hkl)i is the inten-
sity of the (hkl)i reflection of a polycrystalline reference sample of the phase of interest.
N is the total number of reflections used in the analysis. A reference sample of P25 was
collected on the same instrument to allow direct comparison, and gave similar intensities
to the literature values[25]. Five reflections (N=5) were included in the TC for anatase:
approximate 2θ (hkl)= 25◦ (101), 48◦ (200), 55◦ (211), 70◦ (220) and 74◦ (215). Three
reflections (N=3) were included in the TC for rutile: 27◦ (110), 36◦ (101) and 39◦ (200).
Both phases developed strong texture in the thicker films: (220) texture in anatase and
(200) texture in rutile, Fig. 3(c). Error analysis on the anatase XRD data gave relative
errors of less than 5 % on TC for transition and late stage films. The rutile texture reached
a maximum TC(200)=3.0 in a transition stage film, while the anatase texture reached its
maximum of TC(220)=4.5 in the thickest film. This (220) anatase texture is consistent
with previous pure anatase films grown in the same reactor on fused silica substrates at
lower temperatures (375 ◦C–450 ◦C), but the texture in the lower temperature materials
was not as strong[14].
Raman spectra were analysed for evidence of carbon, Fig. 5. The Raman shift in
the range 1360 cm−1–1650 cm−1 is attributed to D and G peaks for carbon, typical for
MOCVD, and is identified as amorphous carbon[26]. Amorphous carbon is evident in
the transition and late stage samples with thicknesses greater than 320 nm, but not in
the first three early stage samples. No graphite or diamond phases were identified in
the XRD suggesting that the structured carbon has a low volume fraction or is absent.
This is consistent with XPS analysis of titania films deposited under the same conditions
on FTO-coated glass substrates in previous work, where we identified amorphous carbon
throughout the depth in addition to the expected, adventitious carbon on the top surface
of the films[2]. The improved water splitting efficiency after annealing supported the
conclusion that the amorphous carbon had formed surficial layers at interdendritic and
interphase interfaces in those mixed-phase titania films.
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3.3. Structure
TEM was used to investigate portions of films removed from the substrates, Fig. 6.
The 20 pulse (∼ 140 nm) sample was composed of equiaxed clusters of material on the
order of 100 nm in dimension, Fig. 6(a). For longer deposition time, clusters of approx-
imately the same size were evident on the TEM grid, Fig. 6(b), as well as continuous,
amorphous layers, not shown. These are characteristic of early stage growth. The rod-
like, nano-structured dendritic nature of the fully-developed, late stage growth films is
illustrated for the 200 pulse (1.1 µm) sample, Fig. 6(c)-(e). Fig. 6(c) contains two anatase
dendrites rotated approximately 90◦ to each other about the growth direction. The collec-
tion of secondary plates that branch from the primary stem are edge-on in the left-hand
dendrite. The right-hand dendrite is orientated so that the plates are approximately
in-plane, and tertiary dendritic branches are visible. The width of the anatase secondary
plates and the tertiary branches was 10 nm–20 nm. Selected area electron diffraction
(SAED) analysis of the yellow circled region of a dendrite from Fig. 6(d) is shown in
Fig. 6(e). The primary growth direction was identified as anatase [110], consistent with
the anatase (220) texture identified in XRD.
Fully-formed dendrites as in Fig. 6(c), reported previously by us to be nanostructured
anatase single crystals grown under similar condition on FTO-coated glass substrates,
were directly observed in the transition and late stage 80 pulse–300 pulse samples by SEM,
but not for shorter deposition times[2]. The only crystalline phase identified in TEM
samples was anatase. No rutile was identified here by TEM analysis, even though it was
detected in XRD, Fig. 4, suggesting that those crystallites must be small and interspersed
between the larger anatase dendrites or were preferentially destroyed in the TEM sample
preparation. No carbon structures were found in the TEM analysis suggesting that carbon
formed thin layers at crystallite interfaces only[2].
3.4. Optical properties
The thinest films were transparent and the thickest films opaque to visual inspection.
The transmittance in UV-vis gradually decreased as the films became thicker and more
defined nanostructures were formed to the point where the film became almost opaque
at ∼ 4 µm thick, Fig. 7, consistent with Seifering[16]. This phenomenon can be related
to the increase in the surface area and development of dendritic structure, increasing
light trapping and scattering ability[27]. The periodic features of the spectra in the
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thinner films were attributed to the low film thicknesses. Analysis of the spectra for
changes in band gap are meaningless because the films are composites of anatase, rutile
and amorphous carbon. Further, the Beer-Lambert law states that the transmittance
will depend on the concentrations of the phases and their optical properties, and those
concentrations were unable to be determined in these samples.
3.5. Photocatalytic activity
The PCA of our materials were compared with a blank substrate (fused silica) and
an industrially available standard, Pilkington ActivTM[28], with FQEs determined as
(0.029± 0.024)× 10−4 molecules/photon and (0.110± 0.064)× 10−4 molecules/photon, re-
spectively, Fig. 8. All of the pp-MOCVD films performed as well as ActivTM, with some
scatter of the means and standard deviations, Table 1. Early stage and transition stage
films performed about as well as each other even though the film thicknesses ranged from
101 nm–519 nm. The best performing sample was 200 pulses (∼ 1 µm thick) with FQE
of (6.62± 0.64)× 10−4 molecules/photon, a factor of 59 higher than our measurements
on ActivTM. This exceeds reported FQE of 2.57× 10−4 molecules/photon for N-doped
titania films grown by APCVD [29] and is comparable to hierarchically porous anatase
films with (7.0± 0.3)× 10−4 molecules/photon[30]. Caution should be used in directly
comparison of reported FQEs because measured values increase with increasing initial
loading of stearic acid and reducing UV intensity[30].
4. Discussion
4.1. Structure development
The nucleation stage dominated by substrate interactions was not investigated here as
the thinnest film in this study was 101 nm thick. The film thickness increased linearly with
time in early stage growth and accelerated in late stage growth. The film growth rates
reported here are calculated from the number of pulses multiplied by the time per pulse,
but the growth is in a continuously changing reactor unlike most steady state MOCVD
processes. In addition, in-situ growth rate determination often employs a measured mass
and an assumed density for fully-dense anatase to convert to growth rate. Caution should
be used in making direct comparisons of our growth rates to literature values.
Film growth is often non-linear with time, and is observed to accelerate once a pre-
ferred orientation of columnar crystals is obtained in Zone-T film microstructures, also
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called non-equiaxed microstructures[31, 32]. Zone-T films are expected at intermediate
homologous growth temperatures[31]. The obtained texture is a result of preferential
growth direction, and the coarsening of the columnar grain cross-sections is a result of
competitive film growth and lateral grain growth[32].
Late stage growth was also associated with highly branched anatase dendrites grow-
ing along the [110] direction. Dynamic scaling theories have been used to isolate the
dominant film growth physics for various growth methods including CVD, sputtering
and evaporation[33]. These use statistical measures of the surface morphology of films to
determine power law scaling exponents. RMS roughness, called interface width in that
field, scales with growth time RMS ∼ tβ with the growth exponent β. The log-log plot
of RMS roughness with growth time, Fig. 9, revealed two regimes corresponding to early
stage, β = 0.83, and late stage growth, β = 1.3. This is consistent with Almeida et al.
who identified two regimes during CdTe growth with films that were untextured in early
growth and developed a texture in late stage growth[34]. Theory predicts a maximum
growth exponent of unity in a single phase material, and the late stage exponent here
is larger than that. These scaling results should be considered preliminary as they are
based on one AFM map per sample and the growth time covers fewer than two orders of
magnitude.
The anatase dendrite morphology, including the nanostructure in our thicker films and
[110] growth direction, are consistent with anatase grown by Chen et al.[17]. They used
XRD and TEM to determine the crystallography, but the identification of the large sur-
faces of the secondary dendrite arms was inconsistent with their characterisation. They
proposed that these were the high energy {001} surfaces, see their Fig. 8, but these den-
drite surfaces were inclined to the substrate normal which precludes this identification
because {001} planes are orthogonal to {220} in anatase. They proposed oriented at-
tachment as the growth mechanism, but this requires primary particle formation that is
unlikely in LPCVD compared to solution-based hydrothermal growth[35].
In our samples, rutile was detected by XRD, but none was identified in TEM anal-
ysis. This suggests that the phase fraction of rutile was low in these < 5 µm films. If
thicker samples were grown, the phase fraction of rutile may increase after an incuba-
tion time that will likely vary with temperature, as reported by Takahashi et al.[10].
The anatase to rutile transformation has been observed to nucleate on (112) twins in
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nanocrystalline anatase[36] and has been calculated to occur after surface reconstruction
of {112} facets[37]. No anatase (112) twins were observed in our samples by TEM.
Amorphous carbon was detected by Raman spectroscopy in transition and late stage
films studied here. It is expected to be present throughout the film thickness, as in
our previous work[2]. The growth mechanism of the mixed anatase, rutile and carbon
composite is an open question. Carbon is commonly viewed as a contaminant in MOCVD,
but here we speculate that it plays a role in both the development of the film morphology
and in the photocatalytic behaviour. That none was detected in the three thinnest films
may be due to an autocatalytic growth effect.
4.2. Photocatalytic activity
The PCA of our set of films increased with increasing RMS roughness measured by
AFM, Fig. 10. The FQEs of the two thickest films were (6.62± 0.64)× 10−4 molecules/photon
and (5.84± 1.09)× 10−4 molecules/photon and correspond to the highest RMS rough-
nesses. Given that the hierarchical porosity extends below the top surface of the film
and that there are overhangs due to the branching that are inaccessible to the AFM tip,
Fig. 2(b), AFM measurements will underestimate the actual surface area available for
photocatalysis. Some dynamic scaling models predict that a saturation RMS roughness
will be obtained at a critical time[38]. In which case, if the RMS roughness alone de-
termines the PCA, then PCA is expected to reach a maximum after which no further
increase will be obtained. On the other hand, if thicker films contain more rutile and that
phase starts to dominate the upper layer of films at longer growth times, then the PCA
would be expected to decrease at longer growth times. Both suggest that an optimum
growth time exists.
Jung et al. found that PCA measured with methylene blue dye increased with in-
creasing film thickness up to approximately 5 µm and then plateaued for thicker titania
films grown by LPCVD at 500 ◦C[39]. In a previous paper, XRD patterns were indexed
as (112) textured anatase at that temperature, but no growth time was given[40]. Sub-
sequent work showed that specific surface area and PCA were proportional in these films
that are assumed to be phase pure anatase[23] Our results are consistent with a plateau
in PCA with increasing thickness, but the relationship to the specific surface area is
unknown and our materials are mixed phase.
Structures that increase light absorption, reduce the recombination of photogenerated
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carriers, increase the number of surface reaction sites and decrease the barrier for surface
reactions promote PCA.
Highly branched nanostructured materials increase light absorption compared to smooth
surfaces. The early stage films are transparent and the late stage films are opaque. The
opacity occurred in the most highly branched structures with multi-scale roughness.
Reduced recombination of charge carriers has been linked to internal electric fields
that drive charge separation of electrons and holes. Li et al. listed polymorphic junctions
and space charge regions at interfaces as sources of these fields[41]. We postulate that
rutile is dispersed through the films as small crystallites in electrical contact with anatase
and this allows efficient charge transfer across polymorphic junctions. While not able to
be quantified, it is likely that the rutile phase fraction increases during late stage growth.
The anatase crystallites possess secondary dendrite structures that are plate-like and
would have fields perpendicular to the large surfaces. The exact nature of these surfaces
was not determined here.
Oxidation and reduction reactions are expected to occur on the surfaces exposed to
stearic acid. This is a surface phenomenon; therefore, the film thickness should not have a
direct effect. This is unlike our previous water splitting experiments on related materials
where electrons must be transported across a film to the electrode, and thicker films had
reduced performance[2]. The surface area available for reaction will be underestimated
by AFM measurements due to the morphology, but cannot be measured on films using
the common nanoparticle methods like BET[42].
The adsorption of organic molecules is promoted in carbonaceous titania composites
compared to pure titania, and we postulate that the surficial, amorphous carbon here
serves that function[43]. While the amount of carbon could not be quantified, it was not
evident in the thinnest films and its lack may have contributed to their low PCA.
The performance of the two thickest samples was significantly better than the thinner
samples here and coincided with the development of the highly branched, aligned anatase
dendrites with micro and nano porosity. There are a few reported multi-step methods to
synthesise titania films (rather than immobilised nanoparticles) with hierarchical poros-
ity, such as templated sol-gel methods or acid leaching of aerosol assisted CVD grown
mixtures of zinc oxide and zinc titanate[30, 44]. In contrast to these, the pp-MOCVD
method is single-step and produces adherent, conformal films with hierarchical porosity
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as evidenced in SEM, Fig. 2, and TEM, Fig. 6, analyses.
Future work includes determining the detailed crystallography of the anatase dendrites
and their mechanism of growth in the pp-MOCVD process. Determining the location
of rutile in the composite films will require extended TEM analysis. The nature and
location of carbon in the films is of interest due its potential effects on adsorption of
organic molecules, wettability and light absorption. It is also possible that free carbon
has a synergistic effect on growth of this particular anatase morphology.
5. Conclusions
We report the evolution of the microstructure of titania films grown by pp-MOCVD
from TTIP on fused silica substrates at 525 ◦C. The only variable in this study was
the deposition time, which in pp-MOCVD relates to the number of pulses. The ma-
terials were characterised and PCA performance assessed. Nucleation was not studied,
but three growth regimes were identified with early stage (10 pulse–40 pulse), transition
stage (70 pulse–80 pulse) and late stage (90 pulse–300 pulse) growth. Anatase and rutile
were identified in all samples with thicknesses ranging from 101 nm to 4.0 µm. A strong
anatase (220) texture and rutile (200) texture developed during transition stage and was
maximal in late stage films. In early stage growth, films appear rough with rounded
surface morphology. They have low RMS roughness, no detectable carbon, low texture
coefficients and a linear growth rate (37 nm min−1). The transition stage films are colum-
nar, and anatase starts to exhibit a dendritic morphology with secondary plates. They
have increased RMS roughness, amorphous carbon, increasing texture coefficients and
a higher growth rate than early stage films. Late stage films have large anatase den-
drites growing along [110] perpendicular to the substrate and are highly textured in both
anatase and rutile. They have the largest RMS roughness of the set, amorphous carbon
and the highest average growth rate of 130 nm min−1.
The photocatalytic activity was highest in the films with highest surface roughness.
The best performing film (1.01 µm thick) had FQE of (6.62± 0.64)× 10−4 molecules/photon
and was 59 times higher than the commercial standard Pilkington ActivTM. The sur-
face roughness is associated with the highly branched anatase dendrites with secondary
dendrite plate-like structures with dimensions of tens of nm in late stage growth. We
postulate that the high PCA resulted from anatase/rutile polymorphic junctions, which
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decrease the recombination rate of photogenerated carriers; the nanoscale size of the two
phases, which increases the surface area for reaction and increases the regions affected
by electric fields at interdendritic and interphase interfaces; and the amorphous carbon
phase, which promotes adsorption of organic molecules.
The growth conditions that produce this particular morphology of anatase with dis-
persed rutile and amorphous carbon are the subject of future work. Additionally, longer
deposition times may yield a decrease or a stagnation of PCA depending on whether
rutile eventually dominates the upper region of the films or whether a stagnation RMS
roughness is obtained. It is important to understand the growth stages for each set of
deposition parameters (temperature, pulse exposure, substrate) as part of overall process
engineering and scale-up to achieve the desired coating with optimal properties.
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Table 1: Data summary for thin TiO2 films deposited by pp-MOCVD on fused silica
substrates at 525 ◦C. Errors are standard deviation of measurements.
Pulses Thickness Area ratio RMS TC A220 TC R200 FQE
[-] [nm] [-] [nm] [-] [-] [10−4molecules/photon]
10 101 ± 8 1.3 2 2.0 1.0 0.12 ± 0.10
20 143 ± 12 1.1 4 2.1 2.2 1.00 ± 0.44
30 176 ± 7 1.2 4 2.2 2.5 0.69 ± 0.28
40 320 ± 12 1.4 14 2.0 2.2 0.36 ± 0.21
70 494 ± 14 1.2 10 3.6 2.9 0.33 ± 0.19
80 452 ± 26 1.4 13 3.3 3.0 1.18 ± 0.48
90 519 ± 30 1.4 13 3.1 3.0 0.53 ± 0.19
120 725 ± 11 1.7 18 2.8 3.0 0.28 ± 0.05
200 1067 ± 16 1.5 40 3.5 3.0 6.62 ± 0.64
300 4007 ± 73 1.7 62 4.5 2.5 5.84 ± 1.09
RMS = root mean square roughness. TC A220 = texture coefficient for anatase 220
reflection with N = 5. TC R200 = texture coefficient for rutile 200 reflection with
N = 3.
20
Figure 1: SEM plan view images of films deposited with 10 pulses–300 pulses. Growth
stages are identified: early stage 10 pulses–40 pulses, transition stage 70 pulses–80 pulses
and late stage 90 pulses–300 pulses.
21
Figure 2: Morphology of early, transition and late stage films. SEM cross sections of (a)
20 pulse and (b) 300 pulse films with corresponding AFM contour maps of (c) 20 pulse and
(d) 300 pulse films. The AFM contour map of 80 pulse film (e) shows secondary plate
formation (arrows) during transition stage growth. AFM maps are 500 nm× 500 nm
regions of each sample.
22
Figure 3: Microstructural measures of TiO2 films with (a) film thickness against number
of pp-MOCVD pulses, (b) surface area ratio (total surface area / projected surface area)
against RMS roughness from AFM and (c) texture coefficients A220 for anatase (220)
reflections with N=5 and R200 for rutile (200) reflections with N=3 against number of
pp-MOCVD pulses. Error bars for film thickness lie within the markers. The relative
error in the A220 texture coefficient was up to 250 % in early stage films, but less than
5 % for transition and late stage films with > 70 pulses. Growth stages are identified: I
= early, II = transition and III = late.
23
Figure 4: XRD patterns for all films with A = anatase and R = rutile reflections labelled.
24
Figure 5: Raman spectra for all films in the range of interest for carbon D and G peaks.
Carbon is clearly identified in films > 30 pulses. Growth stages are identified: I = early,
II = transition and III = late.
25
Figure 6: TEM analysis of material from titania thin films from early stage (a-b) and late
stage growth (c-e). (a) small clusters from 140 nm film (20 pulses), (b) larger clusters from
176 nm film (30 pulses), (c) anatase dendrites showing nanoscale structure from 1.1 µm
film (200 pulses) with secondary plates and tertiary branches labelled in the two adja-
cent dendrites, (d) fragments of anatase dendrites from 1.1 µm film (200 pulses) showing
secondary dendrite plates and (e) SAED pattern from area in circle in (d) showing [110]
growth direction of dendrites.
26
Figure 7: Transmission UV-vis spectra showing gradual decrease of transmittance with
increasing number of growth pulses from films of 10 pulses–300 pulses.
27
Figure 8: Formal quantum efficiency obtained by degradation of stearic acid under UVA
irradiation. Late stage films have highest performance. Growth stages are identified: I
= early, II = transition and III = late.
28
Figure 9: Dynamic scaling analysis of interface width (RMS roughness) with growth time
showing two regimes. The 40 pulse sample is an outlier here.
29
Figure 10: Relationship between FQE and RMS roughness for titania films showing that
the late stage films have significantly higher PCA. Growth stages are identified: I = early
and III = late.
30
